With the recent discovery of the Higgs boson at the Large Hadron Collider (LHC), the goals of the Compact Muon Solenoid (CMS) experiment are now focused on probing for new physics beyond the standard model. The final state consisting of a low transverse energy photon and low missing transverse energy (E miss T ), also called the monophoton final state, can be used to constrain a variety of extensions of the standard model, including supersymmetry. I present a search for new physics in this low E miss T monophoton channel using 7.3 fb −1 of 8 TeV pp collision data collected with the CMS detector. This analysis extends the highenergy single-photon searches to a lower energy regime. In the absence of deviations from the standard model predictions, limits are set on the production cross section of exotic decays of the Higgs boson. In addition, we present model independent limits for a generic signal in the monophoton final state.
Introduction
With the recent discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2, 3] , the Compact Muon Solenoid (CMS) Experiment [4] is now focusing on searches for new physics at the energy frontier. The final state consisting of a photon and missing transverse energy (E miss T ), also called the monophoton final state, can be used to constrain a variety of beyond-the-standard-model (BSM) scenarios [5] .
In models of low-scale supersymmetry (SUSY) breaking, the Higgs boson can decay into a gravitino ( G) and a neutralino ( χ 0 1 ) or a pair of neutralinos [6, 7] . The neutralino then decays promptly into a photon and a gravitino, the lightest supersymmetric particle in this scenario, and a dark matter candidate. The gravitino in this model has negligible mass. Figure 1 shows the Feynman diagram for this decay, with the Higgs boson (H) produced by gluon-gluon fusion (ggH). Due to the 125 GeV Higgs boson mass, the resulting photon transverse energy (E γ T ) and missing transverse energy (E miss T ) in the event will be relatively low compared to, for instance, high energy monophoton searches for dark matter [8, 9] .
The first search for decays of the Higgs boson to undetectable particles and one photon in the low energy regime is presented, using 7.4 fb −1 of data collected at √ s = 8 TeV with the CMS detector [10, 11] . The results are presented in a modelindependent framework, as well as in the low-scale SUSY benchmark model.
The CMS detector
The central feature of the CMS apparatus [4] is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the superconducting is measured using two control triggers. This trigger was made available through the CMS data parking program that was implemented for the last part of LHC Run 1 and allowed for an additional data stream with relaxed trigger requirements that was reconstructed during the long shutdown period.
The signal and background processes (for Zγ, W γ, and γ+jets) were simulated using the MadGraph event generator [12] at leading-order (LO). For Zγ and W γ, next-to-leading order corrections to the cross section were derived with the mcfm generator [13] . The pythia 6.4 generator is used for parton showering and hadronization [14] . The CTEQ6L set of parton distribution functions (PDF) [15] is used for LO generators, while the CT10 PDF set [16] is used for NLO generators. Geant4 [17] is used to simulate the CMS detector response. In addition, the simulation samples are weighted to match the trigger efficiency and pileup distributions measured in data.
Event selection
The various backgrounds that contribute to this process are measured using either data-driven or simulation-based methods. Event selection criteria are applied to reject potential backgrounds in two different ways: first, a less stringent selection for a model-independent interpretation of the results and second, a selection optimized for the supersymmetric Higgs decay into the monophoton final state described prior.
At preselection level, at least one well-isolated photon candidate with E γ T > 45 GeV and |η γ | < 1.44 is required, applying a cut-based photon identification selection [18] . To reduce SM backgrounds arising from the leptonic decays of W and Z bosons, a lepton veto is applied, rejecting events with ≥ 1 electron (muon) with p T > 10 GeV and |η| < 2.5 (2.1) that is well-separated from the photon candidate (∆R(γ, l) =
3) and passes loose identification requirements [19, 20] . In addition, the particle-flow E miss T in the event is required to be greater than 40 GeV [21] . Beyond the preselection level described above, additional requirements are applied based on the model-independent selection or the optimized SUSY search strategy. For both approaches, jets are required to have p j T > 30 GeV and |η j | < 2.4. These jets must not overlap with the photon candidate (∆R(γ, jet) > 0.5).
In the model-independent selection, events with two or more jets are rejected to discriminate against QCD multi-jet backgrounds. For events with one jet, we require ∆φ(γ, jet) < 2.5 to reject γ+jet backgrounds, in which the photon and jet tend to be back-to-back in the transverse plane.
In the optimized selection for the SUSY benchmark analysis, a variety of quality requirements are applied to reject events with mismeasured E miss T . The E miss T significance method computes an event-by-event estimate of the likelihood that the observed E miss T is consistent with zero, taking into account the reconstructed objects for each event and their known resolutions [21] . The E miss T significance in the event is required to be greater than 20. A χ 2 minimization method is also used [8] , in which events without genuine E miss T have the mismeasured quantities re-distributed back into the particle momenta during the minimization process. Events are rejected if the minimized E miss T is less than 45 GeV and the χ 2 probability is greater than 10 −3 . In addition, the scalar sum of the transverse momenta of the identified jets in the event (H T ) is required to be greater than 100 GeV. A requirement on the angle between the beam direction and the major axis of the supercluster [18] is also applied to reject non-prompt photons with showers elongated along the beam line. The transverse mass formed by the photon candidate, E miss T , and the angle between them (m
) is required to be greater than 100 GeV. To further reduce the Zγ background, which has a higher E γ T spectrum than the SUSY benchmark signal, a requirement of E γ T < 60 GeV is applied.
Background estimation
The Zγ, W γ, and γ+jets backgrounds are estimated using Monte Carlo (MC) samples, described in Sec 3. At the preselection level, the γ+jet process is the dominant background due to the presence of an isolated photon and its large production cross section. A data-driven technique is used to normalize the cross section of the γ+jets MC sample in two event classes. The correction factors of 1.7 for the 0-jet bin and 1.1 for the ≥ 1 jet bin were derived using a data control sample from a pre-scaled single photon control trigger with the E miss T requirement reversed. A systematic uncertainty of 16% is obtained for these correction factors based on the difference between the corrected and uncorrected MC samples and the relative fraction of 0-jet and ≥ 1-jet events. Scale factors (consistent with unity) are applied to all MC samples to correct for differences in efficiency modeling between data and simulation [18] .
The remaining backgrounds, arising from jets and electrons which are misidentified as photons, are estimated with data control samples. Jets can be misidentified as photons (jet → γ) when an energetic π 0 in the jet decays to two collinear photons. The (jet → γ) background is estimated in a data control sample of multijet events defined by reversing the E miss T requirement (E miss T < 40 GeV). To estimate the contamination, the data control sample is used to measure the ratio of the number of candidates that pass the signal photon identification requirements to the number passing a looser set of photon identification requirements but failing one of the nominal isolation criteria. The numerator of this ratio is corrected for real photon contamination using template methods. The systematic uncertainty on this method is 35%, dominated by the choice of isolation sideband used for the real photon subtraction.
Events with single electrons misidentified as photons (electron → γ) are another significant background, largely arising from W → eν events. The efficiency to identify electrons ( γe ) is estimated using a tag-and-probe method with Z → e + e − events in data [19] . The inefficiency (1 − γe ) of the selection to identify electrons is found to be 2.31±0.03%. The systematic uncertainty of 6% assigned to this measurement is dominated by the dependence of this inefficiency on the number of vertices reconstructed in the event and the number of tracks associated with the primary vertex.
Non-collision backgrounds, potentially arising from cosmic ray muons, beam halo muons and anomalous signals in the electromagnetic calorimeter, are estimated using template fits to the arrival time of the photon candidates. Such out-of-time backgrounds are found to be negligible in the signal region.
Two control regions are used to validate the accuracy of our background estimates. First we use a control region defined by the preselection level requirements. Second, we use a signal-free control region defined by the preselection level requirements, but with the lepton veto reversed. Both control regions confirm that the data are well modeled through the data-driven and simulation based background estimates.
Results
The total number of estimated background events and observed events in data are found to be compatible within uncertainties, as summarized in Table 1 . Figure 2 shows the m E miss T T and E miss T distributions for the model-independent selection. Since no excess of events is observed, 95% CL upper limits are calculated using an asymptotic CL S method [22] , in which the systematic uncertainties on the signal and background predictions are treated as nuisance parameters with log-normal prior distributions. The predominant systematic uncertainties on the background estimates arise from the (jet → γ) measurement (35%), the normalization of the γ+jet background (16%), and the electron → γ measurement (6%). The predominant systematic un-certainty on the signal SUSY model arises from the PDF uncertainty (10%). A 2.6% uncertainty on the measurement of the integrated luminosity is also applied [23] . The remaining subdominant systematic uncertainties are summarized in [11] .
In the model-independent case, 95% CL upper limits on the cross section for producing a generic signal in the γ + E are included for the SUSY analysis. These yields correspond to B(H → undetectable + γ) =100%, assuming the SM cross section for producing the Higgs boson. The combination of statistical and systematic uncertainties is shown for the yields.
Conclusions
In conclusion, first results for exotic decays of the Higgs boson to undetectable particles and one photon are presented with a dataset of 7.4 fb −1 of √ s = 8 TeV pp collision data collected with the CMS detector. The data are found to be compatible with background estimates, therefore, 95% C.L. limits are presented in both modelindependent and low-scale SUSY benchmark scenarios. 
